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STRESSES PRODUCED IN AIRPLANE WINGS 3Y..&USTS* 

II 

3y Hans Georg Kussner 

Whereas, .in cairn air, the stresses in an e.irplane 
wing depend on ' the ai rplahe characteristics and on the pi- 
lot, the latter has little or no influence on the magni- 
tude of such stre'sses in gusty weather from the point of 
view of mai-ntaining- f light schedule and ' crui sing speed . 
Consequently , -this airplane must be aole. to withstand such 
stresses in any case, 

/line first information on- stresses in gusts was col- 
lected "by W,. Hoff .in 1914.** At that time there .was no 
need to attach any special significance to. such; stresses , 
"becav.se the speed ra,nge of the airpla^ne, i.e., the ratio 
of rnaxiraum speed in uniform level flight to stalling speed 
was, in most cases, essentially lower than 2, and flying 
was, in the main, confined to fair weather. But since 
that time the airplane has undergone enormous changes and 
improvements until to-day air transportation has developed 
until it is practically imperative to fly under had; as 
well as good weather conditions. 0 

In order to ' gain - p; comprehensive conception of the 
flow phenomena in the- open air, let us first gla.nce over 
some meteorological reports: 

1, Official entry of telephone conversation with 
weather foreca^sting station, Tempelhof , Oct. 10, 1929: 

' . "At this station the following vertical velocity 

components of gust s have been recorded: ^ ^^^^^^ ^ , r.fs 
Normal (on cumulus clouds), 2 to 4 m/s 

Very frequently in bad weather oui '^'^^'^-^ 

zones, 5 to 8 m/s 

Rare maxima, 12 13 m/s 5? ^'-'^"^ 

(Signed) Thalau." ; 



* "Beanspruchung von Pl^ugzeugf lugeln durch Been," Zeit- 
sclirift fur Flugtechnik und i,iotorluf t schif f ahrt , Oct, 14, 
1931, pp. 579-536; and Oct. 28, 1931, pp. 605-515. 
**Technische Berichte der Flugzeugmei st erei , Vol. I, 1917, 
p • 51 , 
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2. Letter from Ge.rman xTaval. Observatary, Meteorolog- 
ical Research Institu"te, to the D', V.Lo, October 35, 1929: 

"In answer to. .your request, we subrait' the latest 
rej)'6rts- of our forecasting station: 

IIo exo.ct measurements on the vertical velocity 
in £;usts are available at this post. We cp.n 
only give approximate values based upon our 
experiences in numerous flights in clouds and 

-'gusts. 

. -The most violent bumps are always encountered at 
the 'front of an advancing -gust roller, while at - 
its upper border and above it the intensity is 
much abated. In this respect only gust fronts 
with cold air inflow areas are being considered. 
■/'The order of raagnituda of the. vertical up and 
. down\7ard velocity coinponent.s-.yaries between 5 
and 20 rii/s. * . . ' 

Siciling into* or flying through a cumulus, the 

strongest gusts are encountered directly at the 
border* of the curaulus; 5 to 10 m/s may be con- 
sidered as normal for the vertical component o'f 
the velocity. Below the Cu, an up current of 
from 2 to 5 m/s prevails. 

In bad-weather zones 5 . to 10 m/s . velo ci t i e s have 
been noted q-aite frequently. .Bad-weather zones 
accompanied by gusts are most generally bound 
up with areas of inflov/ of cold air and with the 
passing of a convergence.* " 

15 to 2,0; m/s 'are considered rare maximum in gusts. 
However, it may be assumed that the maximtim val- 
ues of the horizontal components in bad weather 
ma:-, also be those for vertical gusts, so that 
. . an extreme pi 30 m/s is still within the ambit 
of po.ssi bility . 



*See F. Exner, Dynamische Meteor ologie , Leipzig, 1917, 
•pv 2S9. 

W,' Schmidt,. TTiener Sitz*ungs Bericht, Vol. 119, 1910, 
p. 1101. 
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.This information is deduced from, airplane meteor- 
ograph records. The "above experiences are con- 
firmed by aerblogical date?, from pilot balloon 
ascensions. The figures cited are valid for 
dynamic pressures within the first few kilome- 
ters above the ground, . 

(Signed) Unter schrif t . " 

3. A. Lohr, Cloud Plying:* 

The -view of a convection cumulus fi eld • i s much 
more imposing. The Cu. formations of the convec- 
tion space evince a much mightier fbrm'of towering 
head than the. Cu. of the* friction space; they rise 
lofty into the sky and conjure, through their sharp 
contrast in light and shadow effect, miraculous, 
magnificent pictures. Towering from their midst are 
lofty thunderheads , reaching upward- as high as 6000 
meters. The pronounced bumpiness at the border of 
such towering heads is, of course, well known. But 
the warning against attempts to fly through them can- 
-not be emphasized enough. . They are invested by ver- 
tical gusts of from 10 to 15 m/s velocity, whereas 
beneath an ordinary Cu. formation the uprush of the 
air is not expected to be more than 2 to 4 m/s and 
which, of. late, is so successfully utilized in sail- 
ing flight. Closely related to the vertical current 
with up-welling Cu. heads are the caps over the C'-i., 
which to a large extent are ice formations and risen 
stratus layers penetrated by the towering head. The 
latter spread, out and often rise along the flanks of 
the tower.. From time to time veil-like stratus 
clouds are pushed up by the turbulent layer beneath, 
making one feel as' though being above a smooth stra- 
tus layer in which the cumulus fields with soft 
fountain forms are imbedded," 

"Another important object in cloud flying is the 
observation of the restlessness of the air within 
and in the neighborhood of clouds. One case in point 
is the restlessness of the air in the van of a gust. 
Obviously, flight within or below. it is avoided, 3ut 
frequently we started ahead of the oncoming roller. 
It was found that in^ a spread of from 3 to 5 km in 
the van of the gust some very pronounced vertical 



♦Lleteorologi sche Zeitschrift, 1930, September issue. 
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gias.t.s- do exist which, however, vanish immediatoly 
after., one ..passes directly above this gust roller, 
where -the , space directly behind: the gust head, in 
particular-,, is very calm," 

0, Lange, The Aorological Condi tions in* Gumulu.s 
Clouds:* 

"Although the entire descent was made with idling 
eziv^ino, the instrument s'.recorded practically the 
same altitude for 20 seconds at 3000 motors, e,nd a 
-gain of over 100 meters" in "40 seconds at 2500 meters, 
•whi.ch can only be explained as being due to vertical 
movements in the air, ' The sinking velocity of the 
airpl.ane from 4800 to .300.0 meters is 540 meters per- 
minute, and from 2600 td 1200 meters, it is 530 me- 
ters per minute, or approximately 9 m/s. According 
to this., the upwind at 3000 'meters is about 8 m/s, 
.and 12 m/s at 2500 meters*- In ■ b.etween ; the -vertical 
velocity is from 2 to 3 m/s.*' ' * ' ' 

Recapitulation: • The -records' *r-^.Veal that the air ■ 
.bodies of ciimulus cloiids "by- •"follWing ?/eather" are 
colder than -the surrounding air*,- Within the cloud, 
a fairly humid axiiabatic .gfadi:'ent'- "holds- sway, the in- 
versions and isotherms of the vicinity are destroyed 
by the- txirbulence but. a stronger- inversion at great- 
.er heights acts as barrier i:ayer-,'' The vertical mo- 
tion does not extend uniformly 'oVer* the whole cloud 
but fluctuates horizontally; -the maximv!.m' recorded 
upwind velocity is 12 m/s,-* Around zeiro" temperature 
-conisi derablc ice formed on the airplane ; below zero 
we encountered hail* Aside from prossui*o spots on 
the propeller the' airplane, being all-metal, showed 
no visible damaf-e-. But" the whole flight demonstrat- 
ed that it cannot be emphasized enough not to fly 
through thunder clouds," (Compare the altitude 
time curve ITo. 4.) 



• It II 
*3eitraEe ztir Physik der freion Atmosphare, 1930, iJo, 2, 
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: 5. • Goorgii., . !Phe Airplane as. Medium for Aerological 
•Research:* 

"The weather conditions of - the flights on" July 50, 
1929, are characterized "by. the. occlusion of a "low," 
shifting, during the. night* of the 29th from the coast 
of the Horth Sea toward* the Poinersinian coastt The 
flights- were made in the very unstahie. cold, air hod- 
. ies behind the front.. . The ins.tahiiity of the atmos- 
phere was manif es.t ed ty pronounced cumulus clouds 
(S/lO cu.) thrrqughout .the whole day. which, without 
conne ction. to distinct fronts was xnduMt ably: due to 
the- -strong turbulence .of. the brisk wo:st wind. The 
. :upv;ind flight S: this- day are .typical of ;the existing 
. vertical mptions-.in such cumuli. .We have the records 
from three sailpl-ane s.: the "Xuf t.ikus., " pile t Bedau, 
- . at 12.11 p.m.., th^ .»Wien," pilot Kronfeld, at 3.30 
p.m.., ..and. the ":Rhonadler , " pilot Groenhoff, at 5.25 
.;"P^m. -which, in.'Spite of the difference in the hours, 
show many common symbols of the vertical motion. 
The "Wien" shows an almost uninterrupted climb from 
take-off at 950 m.up to 3000 m,. first in the dynamic 
upcurrent of the Wasserkuppe, then from 1500 m 'on in 
•the uprush of a cumulus entered after leaving the 
mountain slope. The cumulus was traversed from base 
to top, so the vertical velocities at 1600. to 3000 m 
. height correspond to the rising air current in .the 
cumulus. The maximum (5* m/s) , was reached between 
22:00 and-^VOO m. One surprising feature of the*. 
'thr.ee if lights is a distinct abatement in the ascend- 
ing -.air current at around 1400 m altitude. The'rec- 
. ord.of the "Wien" showed only a short bend in the 
al ti tude-timo curve , whereas in the "Luftikus" it 
•manifested at this "height longer variations in up- 
and-down wind, very similar to those in the "Hhon- 
adler," but of course, of decidedly shorter period 
within the same level. The ■ very violent vert ical 
• gusts encountered at 1800 m,. according to Groenhoff 's 
record, are par ticularly illuminating. 

Between the 51st and 53d. minute of flight the 
airplane was pushed down 140 m in a fe'ST seconds and 
pulled up again 170 m in the next. Two other simi- 
lar but less violent bumps followed immediately. 



1! ... 

.♦•BeitTage zur Physik der freien Atmosphare, 1930, Ho. 3, 
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Th'e ■■•shock and" 'the- t'orsidn were so s ever e'' that it tore 
the plywood covering over the f i tting 'df-' the wing to 
the- fuselage . The evaluation of the gusts reveals a 
descending -air- current of 9 .ni/s, a,nd an ascending 
current of 10 m/ s -where, of course, it should he 
"borne* in mind that these velocities still represent 
averages, even' if only for a period of from 10 to 20 
'seconds. " The altitude-time curve of the "Luftikus" 
also discloses marked fluctuations in vertical cur- 
rent 'for' this daj/-. The tipwind velocity jumps' at "be- 
tween 1200" and 1500 m altitude also wi thin a very 
few seconds, from +4.1 to +0.8, then to +4.7,' and 
again to + 1.2 m/s. This is suggestive of the existr 
ence of very material vertical currents in cumxilus 
clouds, even if they do not develop int-o cumulus nim- 
■hus," and their importa?ice- in aviation is far from 
secondary because- airplanes and chiefly airships are 
subject to enormous s'tr'esses in- .such shor t-perriod 
vertical gusts', V (Compare al t i tude-t ime •"cutviss ETos. 
5' and 1-3.) ' * ■ 

6.. C-eorgii" Report on 11th Ehon Glider M6''et:^' 

"Bedaii first sailed in the ^upwind of the Wasser- 
kuppe;';ih the 214"th minute of- his flight; he con- 
nected with the upcurrent of a cloiid which carried 
him a,t moderate rate of climb to. IBOO meters" abso- 
lute altitude.- Aft-er' the first- rise the* upcurrent 
in the cloud abat ed'',."'theh suddenlj'- in the 22Sth 
mlnttte an abnormally- powerful and wholly unexpected 
current' clutched the ■ airplane and lifted it over 900 
meters within 3 minutes. The sudden rise was fol- 
lowed by a drop in which the rate of descent in- 
creased -to approximately 25 m/s, which later changed 
into spiral flight, in which Eedau then emerged from 
the.cloudi On the basis of 0,7 m/s sinking velocity 
for the "Luftikus," the vertical velocity- in the 
cloud ranged between 5 and- 7 m/s. This rising air 
current in an ordina.ry cumulus of around 1200 m am- 
bit is very great. It exceeds the previously meas- 
ured vertical velocities considera,bly • and demon- 
strates more clearly the existence of- vertical move- 
ments in ostensibly harmless appearing clouds which, 
ordinarily,- a,re not suspected outside of storm 



*Zei t'schrif t ■ fur Plugtechnik und Hq torluf t schif f ahrt , Vol. 
22, No. 5, 1931, p. 131. 
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Y rclbuds . ' The •unoxpGctod cstJ/teoii'- 'sM'f very, lo^ 

p;^/ ve.lr:.t ical motion -to' great* aoceri-dans'Ve'idci tie's as 

eyA.denced by 3edau''s barog^r'a^n ''ih th^. = 22-*6th iaimite, 
'Jo 'ieiaids us. to-- sirtiiise t-hat' t/he. upwind 'in' tne cixaiilus 

i^si'.'caused by 'to eddy with horizontal or-- even verti-^ 
. Gal axis, and the' air currents on a. rabutitain "slope 

• of f er- many, po ssibilities^ to i^enerate such; eddies. " 
(Compare altitude-tine curve. ' iTo, 1.) ' * 

- 7v- Moltchazibf f'i Structure- of Squalls in the- Open At- 
■ mo sphere* ' (Heasure-Meiit s on Horizontal' Gust s ; the 
:•. Structure of Tertlcal Gusts i-s Fundaiaentaily Simi- 
•lar):. ' ' o- •. . * = • ■ 

"The records from kites indicate the general dura- 
. . tion of "each gust at- fro*a 0,2 '-to 0,3- second, although 
in isolated cases, gusts \ip to 12 seconds have been 
recorded, ITigure 1 shows one of such kite . records • 
The gust la'sted- about 4 seconds. At'p we are 

making-Contemporary studies of gust s" at-' different 
heights." (See figb 1.) * 

:. -8^ W. Schmidt, The Structure of the Wind:*' 

."In the Bxvmmet of-1928 we'were able to explore a 

• field of about 'lO X 10 m in 25 differ ent ■ te st sta- 
tions on the Aspern airport in Vienna.* The test 
spacing (2 m), of course, was so wide that* the small- 
est interferences escaped, btit it brought 'out the 
major changes only more clearly. The place was fa- 

• Tarable V we • exer ci sed great ea:re "in having the wind 

• .: pass over "the field 'to -the observer post which was 
placed far 'enough' av;a5'"- from buildings so as to 

■ give the " wind'- a"*clean swe'ep ( su'rrouridirfg *^ is- f arm- 
land) , The best of the 17 serie s i'* on 'Jtily 24, 12.14 
p.m., sunny, very hot (over 30^0), wind IT.W., com- 
' 'prises 300 records, 'rep.'resented"i'n 6±-actly * -the same 
■'.manner aS" Poder sddri' ' & • sei-ies (rfeal- Instant an e'ous 
.i sot achs.)'. . . . ' • • - " ••; 

Because of the limited space, '-we reproduce only 
sections of it. The ind.iv.i.dual. p.ictures. .are -L/?. .s.- 
apart; they are givei-j ..in .group s .of . three at interval s 
of approximately 1 rsecond in. Figure 3:. , ■ 



*3eitrage zur Physi'k der freien- Atmospharei 1930, Ko . 3. 
**T7iener Sitz ,P-3er ..^ Tol . a3&, • 1929 p* 100; Deutsche 
Forschung, 1930, Ko. 14, p. 58. * • 
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This large cross section substantiatod the deduc- 
tions drawn pr,eviously: jnarked v.a.riation in flow ve- 
locity vertically and horizontally, frequently faster 
' moving layers "beneath slower ones, practically no 
-sigh of a real eddy (at least, not of tho order of 
magnitude of several meters), entry of rapidly mov- 
ing' 'masses. Hew information was- gained with respect 
to the transformation of such masses, vrhxch in this 
case arrive usually in a more horisontal direction, 
hut subsequently appear to straighten up. The sur- 
prising feature is that the strongest contrasts of 
tlie velocity in such hump s follow so closely a.long 
one another; two meters fo.rther tho vel^>cities may 
be as smooth as 1:4 without producing a proper equa-1- 
izeit ion. " . 

9, K. Wegener, Application o?- Flight Weather Obser- 
vations:* V . ' 

" The * gustine ss reported by an airplane may be the 
• rfesult of three different causes. Two air stra^ta. 
stably superposed but moving in different directions 
evince billows along their boundaries lii^ie those gen- 
erally* seen where water and air meet. These aerial 
billows have just as little regularity as the sea 
billows and are feit in the : ai rplane- as violent 
bumps - bumpiness. They arc r-eadily recognized as 
such because, they, occur only in a comparatively thin 
layer which rarely exceeds 100 to .300 meters thick- 
ness.** 

' A* second form of bumpiness i s . that encountered 
when the. air is turbulent; it is. similar to the irreg- 
ular, eddying motion of a river. This motion is rec-^ 
ognized in the airplane by its rapid cha.nges but- not 
** such pronounced bumps. 

' The third form of bump is* caused .by the vertical 
exchange of air. Cold air flowing over- comparative- 
ly warm ground becomes heated, rises, and cold air 
from above takes its place. This exchange is VLsiial- 
ly strongest by 1T,7, to il. wind. It may attain ver- 



*Der ■ Flugkapitan, 1930, .ITo. 11. 
**P. M, Exner , Dynarai sche Lle.t.aor ologio ,• -Leipz ig, ' 1917 , p , ;* 
278, where he cites a; wave . length of .441 m for a 5 m/s 
- difference in velocity arid 10^C..dif f erencQ in temperas 
ture. 'Haiidbuch d. Techn. Ilechazjik, .Vol. VI, "Berlin, 
1928, p. 240, 
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tical vGlocities up to 15 m/s, although it maizes fly- 
ing almost. impossi^Dle' ev€2l ■ at • from 5" to- 10 m/s, with 
the sluggish and inh©i:entiv stable airplanes of to-^ 
day, hecause of the tiring effect on the pilot. The 
prevalence of • thi ^* fcind'-of bumpiness is contingent 
upon the temperature gradient being greater "than ' 
0,01^C/m by dry air, so that the air is in "stable" 
■ -equilibrium, The first -two kinds of bumps present 
• no. real danger to flyi-ng -unlesis the airplane hasi 
. about reached its collirig; that is, has no surplus 
• '. power left,." " 

WIKG STRESSES IK GUSTS 

The author and his collaborator Kaspereit have made 
a series of optigraph measurements of such stresses with 
^the Junkers .G 2'4, P 13, and the Messer schmi 1 1 M 24 in 25' 
flying hours. The method has already been described else- 
where.* The installation' into the fuselage and below the 
center section of the wing can be seen in Figures" 13 and 
23,: while Figures 14-lS, 24, and 25 show some sections" of 
the records. Figures 3, 17, 19, 26 represent merely some 
of the most typical cases. 

In the Messer schmitt M 24 we used two optigraphs for 
recording the deflection of the wing over the whole span. 
In this manner errors induced by shifting of the instru- 
ment a.re more easily eliminated , The paaximum static de- 
flection of the wing tips in flight with full gross v/eight 
amounts to about 95 ram as compared to the norms,l position 
of the wing on the stand,* The maximtim dyna,mic deflection 
of the wing in. sun gusts during a five-hour flight from 
Berlin to Friedrichshaf en amounted to within 1'35 mm, (See 
fig* 3.) 

In the Junkers F 13 the static deflection in flight, 
8.85 m from the center of the fuselage with full gross 
weight, amounted to 75 mm as compar ed • wi th the normal po- 
sition on . the stand. The maximum dynamic deflection for 
a flight over the Liarker Sea in bright sunlight was 52 r-im 
at 300 m altitude, (See figs. 17, 19, 25,) To compute 
the load factors the static deflection of the wing for 
its own weight would have to be- determined and subtracted 
from the total deflection. This could be accomplished by 



♦Kussner, Zeitschrift f"ii!r Flugtechnik und Motorluf t schif- 
fahrt, 193D, Vol, 21, p, 433. 
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•disposing the whole airplane on .an incline , an- inve-'S-tige,- 
ti'ah' which is to he made- Mat er • 

The low stresses in distinctly, •stormy weather are sur- 
prising-, • ; ' . . ; : -.^ . 

* ■ * • . ■ ■ • - ' • . * 

After several such measurements have .oeen .ohtained, 
particularly of- had -.weather- flight s,. the ratio;:- .dynamic 
deflection to flight; speed is.plotta,d against -the loga- 
rithm: of the frequency :and ,girea, hy extrapolating accord- 
ing to. Gauss' law of distribution, a crit:erlon for the 
requisite strength of the wing. 

TTe also examined •"•the. fine" structut.e .of several opto- 
grams recorded in the M 24, the I 13, and the G 24. T7e 
measured the varlati'on. -of. ^heV.iief lection -.of. the . extreme 
station on the wing with , re spe-ct ;t o the time, (See'fi^s,., 
6 to *12 , 18, 20, and 27,),' From . the int ory al ..of. the- ri^o - 
■of the def loction . t'o .maximum^ .and. • the. shape of. the; lines . 
of rise, -we can draw conolusions .aqoxit the structures. o"f . 
gusts, (Compare sec:tion;-:Qn .-.Un.stQady -Wing Lift, -.p.<ago 14.)- 

'•'*•-'■*. ■ ' • . ■ ' . • 

ITOIATIOIT ' 

aQ to a coefficients of the differential eaua- 

. - tion (23) . 

A^ Ag- A3 integration constants (equation 25) . 

a angle of attack. 

ao angle of attackrfor maximum lift coeffi- 

. , cient (equation 7a) . 

0 m semi span. 

C 1.- integration constant, 

.'• '\ m./e . 2, coefficient of gust stress, 

Cji^ minimum vo.lue for strength calcu- 
lation (e.qUc?.tion 2 6) • 

dc Q * 
Cp* = - — s variation in lift coefficient with an- 

' ' gle of attack. 

.Cj^ circulation factor (equation 5). 
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7 = Jz^ ^ . i/jn gradient of. gust velocity (equation • 

r\ (s) , T|q(s) coefficients of unstec?.dy lift; r]^^ 

r|o^.- time rate of SLveracieB (equation 

11). 

e basis of natixral logarithm. 

f (z) =■ lisl s^. elastic line of deflection "by acceler- 
S at i on 1 m/s^ • 

F m2 wing area. 

P(z) m true elastic line of deflection. 

cp direction of gust with respect to the 

horizontal - (eqxiati'on 6). 
• '. • 

0 (h s) • function of star-.tihg point distance . 

(equa,tion 1) . 

g m/s^ acceleration of gravity. 

G * kg gross weight of airplane. 

h ' s^ 1« di splaceraent of zero point (eqy.a- 

- tion 22) . 

h s m . 2*. distance of starting point from the 

source of motion for computing the 
circulation (equation 1) ... . 

1 = 1 fictitious unit.* 

k kg s/a^ factor (equation 20) . 

K kg normal load on the wing (equation 2) . 

Kq kg maximum normal load preceding separa- 

tion of orofile flow (equation 7). 

• kg maximum normp.l load at separation of 

flow (equation 7a) . 

Kg kg normal load in steady level flight 

(equation 7o) . 
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ditainution factor (equation 4). 
wih^ chdrd. 

roots of tiie typical equation „ (24) ; 
mass/unit of length. 

vihrating mass (wing mass a,nd co- 
vihrating air cylinder (equation 20) . 

turning moment around the forward 
neutral point (at l/4 vring chord) 
(equation .3) . 

mass ratio (equation 13a) • 
load factors (equation 8), 
load factors for vertical gust, 
critical load factor, 
(maximum) load factor for pull-up. 
hasic frequency ■ of wing in flight, 
basic frequency of wing on stand, 
exponent of velocity increase of gust, 

coefficient^ of induced drag (equation 
5). 

air density. 

relative flight path ratio of flight 
path to wing chord, 

path on which the velocity of the gust 
increases linearly from 0 to maximum 
(equation 16a) . 

time. 
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U'(p) = \:^^?~ ■.■^.^.r^;tib' of ^'actu^i to computGcL Vjiist 

^ ^ streJ5s by ass\imed steady flow and x 

tilinea^ motion (equation 13.a,),, 

Uq fflax-iAum' f or • U-Cs) (equation 7-)';*' 

♦ ,' . - 

V m/s flying speed. 

Vj^ m/s maximum horizontal speed, 

Vj^' J.'.': -n/s stalling speed. ■ (LaridiAg ' speed) • 
^^ ' (equation '9) • '■ -r.-';:- . 

m/s velocity of rear neutral point (at 
. 3/4 6f Wing chord) '(equation 1); • 



w • -m/s' ■ vectorial velodi ty • of gust (equa-" 

••.■tion -6) " 

■ ' ".m/s:. ' -absolute value of g'^st velocity. 

'* (6que.tion 6) ;■ Wq » - in ^a doscendirig 
. • • ■•••. gust (equation -15) . • • •" * l • ■ 



(1) 



m/s - ideal normal velocity. 



Wj^ m/s mean horizontal wind velocity (equa- 

tion 6) • . r 

w(s) fi/s 1. velocity component "perpendicular 

...... to plate surface. 

m/s 2. vertical velocity of the air * (gust) 
with respect to ..flight path. 



l/s angular velocity. 

0)^ ^ l/s ideal angular velocity. 

i = ^o/v velocity ratio (equation 8a). 

y . . m displacement of one wing element per- 
pendicular to direction of flight. 

V f (z) m deflection of elastic wing. 

^ (s) = !Li (equation 11) 

Wo 



14 



K , A. C • A, Tec.Jini cal . Meino.ri9,nduin Ho*. • 654 



z m coordinate in direction of vritig span^ 

•• . • 

" "y 0 ■ ' ' 

S j^-^l-S-SiiS. elastic ovGr'stre'ss" = ratio of maximum 

^rigid dynamic stress in an elastic wing to 

' • ■ that in a rigid wing. 

UHSTEADY LI?T ^> 

H.. Wagner,* in his dissertation, gave a general anal- 
ysis of tiae dynamic "lift -of ■ airplane wings in unsteady 
m'otion. 

Assume a fliat pliatd of chord 1 -c^nd span oo moves cat 
velocity ' v , varying periodically in time and direction, 
through the fluid, and simultaneously rotates at period- 
ically changing angular velocity U) •• Fur ther , let v 
represent the velocity of the.r-ea.r neutral point p 
3/4 v^ing chord),- a the angle of attack "betyrsen the di- 
rection of V' and tZaat of. the plate; the -fluid in. 00 is 
asbumedly at fest, all angular changes are small rand point 
0 is the source or 'starting' point of the unsteady motion, 
(See fig, 28.) 

Then let** 

w(s) = sina = i s) /-l. +'T-hl ^-A-l:^ (1) 

he the component of the velocity perpendicular to the plate 
surface # 

How. the normal load acting on .-the plate is 

- TT P Vp w ~- J —~ -rrzr: , - : ^ 

^ ° yi + s - h s /h - 

■ . rrP dw ttP d_c£ 
4 dt ■* 16 dt 

*H, ¥agnor, Zeitschrift fur angowandtb Matheraatik und Ho- 
chanik, 1925, pp. 17-35. 
**InsGrt in tho formulas of the t'Hosi's: a = li . s and 



u(a) J a. = i (ii" s) , 
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The moment about the; f orward nout^aii point. D . (at 
3/4 wing chord), counted tail he.avy. -whienr pb si tive , more- 
over, is • * , . 



ttP ttP dw ^ . jtP do) 

^"d = - le -^i^TE' dt ^' 128 dt 



(3) 



Now in order to define the'" ftcnc.tion $ (hs) express 
the distance of starting .points A.;, from the motion source 

hs ^,1 hjr the function.; . $L(h s), = 2 a^^: :(*h' s)^' 

hs > 1 " • '.^(h.s) = E arn s)"^; 



and "bring both sides of equation (1) into approximate 
agreement . . • .. 

An approximate solution for normal velocity w(s) = 
constant, that is,. a sudden inferior change in a, has 
been given. by Ho Wagner.*' In;'this case the integral of 
equation (2) is ' 

A K = P Vp (s) , ;. 
wherein the diminution factor 



K (S) 



arc cot % 



is to within. 5.6 per cent correct. The exact figures are 
appended in Table. I • 

Table !• Unsteady Lift 



s 


0 


0,25 




1 


2 


5 


...... , 

10 


1 — 
00 


l-l/rr arc cot s/2 


.5 


.5396 


.5780 


.6475 


.7500 


.8788 


.9371 


1 


.'H = 1 - i/tt K (s) 


.5 


.5557 


.6005 


. 5693 


.7582 


.8745 


.9321 


1 




■ 0 


(.450) 


.572 


. 652 


• .749 


.871 


.931 


1 



* Zeitschrift fur angewandte Mathematik und Mechanik, 
• 1925, p. 31. 



** See equation (11), p.. 21. 
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.. In the igeneral case of 'a^l^bi■t^:a^y :>y-^.l;oc tty . .c^ 
which may oe visualized -as cort srsting -af . a mult it 
small abrupt chajiges, the normal load then is 

K(sJ = TT P Vp w(s) P Vpy'.K (s, -.s). If ds + 

' 4 dt 16 dt ... " ^"^^ 

The. first term repre sent s* the ' steady lift -in undis- 
turbed 'flow which ^ in airplane wings, is lowered by the 
effect of the finite span and the skin friction. So in- 
stead of factor rr .we write the lift coefficient* as 



'a 



2.3 • (5) 



2 . 1 + 2 . rg. . Ci 

It is to be assumed that the skin friction effect is s.till 
further reduced by the other unsteady terms of equation 
(4), in so far as the motion has its inception at cx ™ 0 . 
But, since this conditron is not complied with in most 
cases, that is, vortex trains already exist, the value 
given in (5) is introduced in all terms. . An experimental 
check of the validity of these assumptions, although very 
mr jh to be desired, is difficult to carry through. How- 
ever, in no case is it permissible to express coefficient 
c^^ as the lift change of the'^Nwhole airplane or a.s a va.1- 
ue in the neighborhood ' of the separation of; flow, but al- 
ways by a mean value for the airplane wing. 



■ • STRESSES IK AIRPLANE WIHGS BY GUSTS 

FROM ARBITRARY DIRECTIOITS 

The movements of the air masses quite frequently ex- 
tend unsymmetrically from the ground to several thousand 
meters, as the weather reports, cited at the beginning of 
this report, clearly indicate. The mean horizontal wind 
velocity w^^ is, topped by a gust vector 



^0 e^^' ' , (6) 



*See Zeitschrift fur Flugtechnii:- und Ho t orluf t schif f ahr t , 
1928, p. 516, for comparison, For conventional wing 
sections r^. 2.5 to 2.9. Factor = F/4Trb^ cor- 

responds to the aspect ratio of the wing. 
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with a possible' amplitude of from . ^ 0,5 to l»p 
At the customary, flying height - .1000 to. 2000. meters - 
all angles cp of the gust direction with the horizontal . 
are probable; the disturbances in the uniform air motion 
in this case may be construed as turbuLent roller sv The 
air loads on an airplane wing flying into a gust are 
about the same as those caused, .by sudden changes in angle 
of a.t tack and air speed , in calm air. .In spite of the f£ict 
that the above stated postulate of the fluid, at rest at . 
infinity no longer holds for this problem of the flov7, ap- 
preciable discrepancies wi.th ro.spoct to the above problem 
arc only to bo expected during the time of entry of the 
wing into the- turbulent ball bo.undod by an area of discon- 
tinuity. 

In view of the scp.rcity of information , on atmospheric 
air movements and of tho mathematical difficulties,- an ap- 
proximate application of the previously achieved results 
to. the/wing in agitated fluid should bo of interest. 

To get some conception of the . effect whi ch direction 
(p of the gust vector exerts -on the stress in" an. airplane 
wing, it suffices to make a rough calculation of the ma:c- 
imum normal load for the .time after the entry of the wing 
(relative flight 'path s > 1)«" The velocity w within 
the gust is assumodly' invariable while passing from 2 to 
5 wing chords whore the maximum stress usually occurs. 
It is also presumed that the longitudinal inclination of t 
tho airplane with respeet to tho horizontal doos not 
change. Consequently, the normal load must be computed 
from the first two terms of equation (4). According to 
the assumption (6) regarding, the gust vector, the effect- 
ive hQrizontal velocity is "^p ^ ^o ^» and. the. 
normal velocity is w - v sin a + w^ sin (a + 9) . (See 
fig. 28.) .Thus the giaxim"i;im normal load on the wing i*s • 

Ko - TT P Vp w - Tf P.Vp (1 - Uo) / ll ds • 

^ tt'P (v'+ Wq^cos <p) (v* sin <i + Uq sin (a + (?) 

T > factor. Uq .is exactly computed elsewhere. Its 
numerical value is 0.6 to 0.7; Table II v^as compiled 
?rith mean yalue. Uq t^-B/z^ 

• ■ • . . . ' , • 
How let sin a© 0.3 represent- the a.ngle of attack 
at which the steady flow separates. Stipulating that' the 
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separation also occurs for unsteady flow at the same an- 
gle*, cx, * the normal' load, on the other hand, cannot gro^7 
beyond 

' • Hio^ $ T\ 9 il -.Uo) sin a + tt P Vp2 Uq' sin ao (7a) 

The maximum acceleration- of the airplane in.multi- 
.ples of acceleration of gravity, called load factor, now 
is obtained "by dividing (?) and (7a) hy the steady lift 

Kg—rr Pv^ sin. a, . (7b) 

which equals the individual T^eight.. o^f the . airplane • E::i- 

pressing the ratio of the velocities by -y- - i and 
sin a tan a, since it is always a matter of small a, 
the load factor according to (7) and (7a) now becomes: . 

n < ■ (1 + i cos q).) (1 + e Uo cos q) + ^ Uq. -^^^ (8a) 

n;;« 1 - + (1 + i cos. cp),^ ^ \ V .(8b) 

Table' II contains ' several Illustrative examples of 
load factors computed in thi-s manner. 



Table II. Load Factor of Gust Stress 

with Respect to Angle of G-ust 



i 


sina 


9 =0 


10° 


■ 20° 


30° 


40° i 


50° 


6o°;- 


•' -70° 


80° 




90° 


0,2 


0..13S. 


'1.36 


1.55 


1.74 


1.90 


2.01 


2.09 


2.13 


2.12 


2.08 












2.32 


2.24 


.2.15 


2.04 


1.94 


1.83 


11 


0.100 


1.3B 


1.63 


1,88 


2.09 


.2.20 


2,38 


2.45 


2.45 


2 . 41 , 


2.33 


.. 11 


0.067 


1.35 


1.77 


2.1.5 


2.48 


2.. 7 5 


2,. 96 


3.08 


3,1.3 


P.. 09 


3 . 00 


It 


0.050 


1.36 


1.91 


2.42 


2.87 


3.25 


3.54 


3.72 


3,80 


S.77 


3. 57 


0.3 


o:ioo^ 


fl.56 

t 


2.00 


2.40 


2.74 
'3.51 


2.99 

.3,36 


3.17 

3.18 


3.25 

2.98 


3.24 
2.78 


3.15 
2.55 


2.99 
2.33 


0.4 


0.100^ 


J 1.78 
I - / 
1 


2.40 


2.97 


3.45 
3.97 


3.81 
3.?6 


4;04 
3,50 


4.11 
3.21 


4.08 
2.93 

! ■ 


3.92 
2.52 


|_3,56 
2.53 
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The lower figures of the series indicated by J, are 
occasionally valid and have heeh pl'otted against an^le. of 
gust cp in Figures 29 and SO, The naximura load factor.- is 
reached at .9 ~ 65 to 70^,' alth'ough it differs hut little 
(not over .10 per cent) from that' at cp = 90 , that is, 
load factor n^ produced hy a vertical gust. • Moreover, 
the numerical value of n^ can he used for estimating 
the maximum stress .even if the corresponding flow attitude 
i s no longer re'alized a,s a result of separation, "because 
the intersection of the two curves (8a,) and (8b) yields a 
value which differs but little from the load factor n^ , 
although for smaller cp. 

By given flying* speed, that- is, prescribed steady an- 
gle of attack sin a, control maneuvers without speed in- 
crease, that is, pull-up from horizohtal flight, do not 
produce a load factor higher than 

n3 = ^-2- = -IJ ■ (9) 

• sm a 

wherein Vj^ is the minimum sustaining speed in unstalled 
flight (landing speed) . 

It is worth mentioning that according to recent 
flight tests by theD.V.L.* the angle a^. of the separa- 
tion of flow in flight can be essentially higher than for 
model tests in the tunnel. 

The speed of present-day airplanes is, with few ex- 
ceptions, at least v = 40 m/s or more. On the other 
hand, it can be assumed, that a gust velocity of more tha.n 
w^ = 15 m/ s is seldom exceeded, so that the velocity re- 
lation 

e" = < 0.4 * . (9a) 

may be assumed. According to Figure 30 the load factor* 
given by (9) for i'- 0.4 in oblique gusts cannot be ex- 
ceeded by more ' thaii '"25 ^per cent. This figxire-is practi- . 



*F. Seewald, Zeitschrift fur Flugtechnik und Mo torlu^t- 
^chiffahrt. Vol. 22. Ho. 13, 1931. ppi 405-410. • Accord- 
ing to recent wind-tunnel tests- of Kr". Kramer * at .the 
Aachen Institute", the angle stalling.. by unsteady flow 
increases by A ao ^ |f • 
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caily unaffected iDy the size of .load factor rig. Then if 
we estimate the overstress of the v/ing . (calculated fur- 
ther on) "by. .ti;e loading impact ( swinging beyond the oqui- 
lihrium position) at approximately- 20 per cent, we oh- 
tain a rough upper limiting vriiluo for the po ssihle lead 
factor in gusts: 

n < 1 + 1.2 f 1.25 - 1^ ^ 1.5 (9h) 

The qtiestion of requisite strength and safety factor is 
purtjosely left open. ?or high-spoed airplanes the assump- 
tion (9a) is too unfavorable, so that condition (9h) ^is 
•likewise not always fulfilled. (See fig. 46.) 

This type of airplane mus.t he sttidied more in -partic- 
ular for gusts of limited amplitude, say, = 10 to 15 
m/s.. In view of the other sources of error of the calcu- 
lation it amply suf f ic*e;s . to compute these airplanes * for a 
vertica.1 gust, since no materially higher stresses are 
possible, in .other directions of gusts.,, 3v^t in a calcula- 
tion of" this kind the separation of the flow must not be 
ta.ken into account, 

SqUAOJIOtlS OF 110110x1 AITD STHE3S ON AIRPLAHES IH 

TEETrCAL &USTS, PLANS PHCBLEii 

To begin with, picture an airplane as rigid wing with 
00 span and mass m per unit length uniformly distrib-ated 
over the span. The previoxtsly cited omission of changes 
in inclination of the longitudinal axis of ' the airplane 
against the horizon is permissible because the wing is 
raised only a few centimeters with resTJect to the tail 
surfaces, at the beginning of entry into the gusts. As 
soon as the tail surfaces have- penetrated, they a.re raised 
much quicker by the gust than the wing because of their 
much more reduced mass, so that the initially slight rise 
in angle a is already on the decline at t'ho time of the 
maximum stress. The introduction of the longitudinal in- 
clination in the subsequent 'formulas, however, entails.no 
fundamental difficulties. • ... - 

'With- the above assumptions it is now possible to sim-- 
ulate the' effect, of the vertical gust on th^ wing by at- 
tributing to it an ideal angle of attack change. Suppose 
the wing flies at const ant speed v and a = 0 from calm 



N.A.C.A, Technical l/ienioraiidum No r 654 



21 



air vertically into .an area of di sconti-nui ty , "behind V7h.ic.h 
the air has the constant vertical velocity ; w.q., C.onsii- " 
ered physically, a steady increase "in normal load and mo- 
ment is anticipated. This, evidently^ is -the. case .j^chen 
conformably to (3) and (4)* ' . \. ' : . 



ttp r 



8 



= 0 (lO) 



4- 



= 0 



Taking into account that the relative flight path is 
s =: -vt/l, equation (lO) reveals the ideal an^le of at- 
tack change the wing would have to raake by steady shift 
into the gust. The corresponding ideal normal velocity 
is 

'Jfi - "^-^ d. e-^s 
^i = Wo (1 - e"*®®) = Wpl^ (s) . 
According- to (4) the normal load becomes: 

K = .TT P V Wo (1 - e-^^M - P V Wo K (s, - s) ds= 

0 

= .TT p V Wo rio.(Sx:) ' (H) 

The new -factor ri^Cs) " is given in Table I. - ITow the 
normal load oh the T7ihg by arbitr ary • change ' of the -ver- 
tical air velocity w(s) is readily computed from (ll) 
because 

K = TT P V / ' Tio (s, - s) ds (12) 



0 



is analogous to (4) and (ll) • 



The third and fourth terms in (5) disappear conform- 
ably to (10) as long as the wing moves along a straight 
line without turning. But as soon as the wing makes an 
accelerated movement through the unsteady aerodynamic 
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lor-ds acting upon, it,- t.ixe 'additive, air* load must "be com- 
puted according to" (4).:<- . * 

' ■ So,' when di sr egarding ' the rotation-, and denoting the 
wine mass ty m and the vertical compjDnent of the wing 
motion by y, the integral equation of the flight path 
for an airplane of chord 1 passing from calm air into a 
vertical gust is 




(13) 



With the ahhreviation.: 



^ t = s; _2-H^ + i=p,; .IL|„=u(s) (l3a) 



P Ca' 4 ^' v 



Equation (13) then becomes: 

s s 
U(si) + i- /' ri(si - s) U(s) ds = -;^~ /' Ti^(s,-s) 43 

|JL . 0 Wq 0 ^ ds 

: ■• • ' - ' (14) 

The new varia.ble U(g) gives the ratio of the true 
to ^the calculated stress "by assumed steady flow and lin- 
'ea,r motion. This presumption is approximately correct 
for a wing having oo mass after, a certain entering dis- 
ta-nce necessary to set up the steady circulation. Conse- 
quently,- U(s). likewise expresses .the ratio of the true 
stress of an airplane with finite mass- to that of an air- 
plane of 00 mass. 

The total load normally acting on the wing inclusive 
of static lift is according to (7): 

. K = — §^ sin ^ + ^o„.a_ .y^g^ cos a (14a) 

The desired maximum of U(s), that is, the maximum 
wing stress in the gust, -can be- graphically determined b^^ 
iteration from the integral equation (14), fiftcr making 
the necessary assumptions regarding the- local distribu- 
tion of the gust intensity w(s). 



IJ.A.^CiA, Technical iiempraiidum Ho#. 654 .23 

Judging from .the reports of -Moltchanoff and W. 
Schmidt, th-e gradien-t- oi- the velacifcy can. assume v.alues 
of the order of; ; . • 

'^••=-wo at- = P *° [I/ma.. 

or, in other words, the violence of the gust can rise 
from 0 to maximum even within a flight distance of l/7 
^ 0*7 m. This is less than one wing chord and already 
approaches. a sudden change in-gust intensity as previous- 
ly assumed" for the' calculation of factor , • despite the 
fact that, only steady transitions in. the atmosphere and 
'finite values of gradient 7 are physically feasible. 
The" most elementary case," which occurs rather frequently, 
is the linea^r rise in vertical velocity f rom. 0 to a con- 
stant maximum Wq. (Compare figt 1«) 

Assume for the- flight path 

^o 

s = 0 to So r w = s; 

. ^o 

s. = So to. Sj^ : w = Wo ; 

wherein the path along which the velocity increases is: 

^0 ^ . (15a) 

The integrals in (14) really contain, so to spea-k, 
the entire antecedents of the' wing motion as well as the 
after effect of previously, traversed gusts, .For instance, 
the T7in-g may have attained a downward velocity w^' 
through a descending gust. In this case, according to 
(15) , we have 

■ ' / N ^0 '^o ' 

s = 0 to So ;^1 + w^;: w = — s; JTi 

/ Wft * \ V • dw 

s = So (^1. + to si : w = Wo + Wo' ; = 0, 

and now we must in.sert the inferior limit, 



dw 
ds 

dw 
ds 



So 

.0 ■ 



(15) 
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"in the integral on the right side of the suhsequent equa- 
tion (15^) so as to include the approximate previous ef- 
fect 0^ tjie desceniiing;- giist.. : , An exact integration". of (14) 
f or . a', i onger. flight, di stan.ce .would consume to o ■ much- time 
and "be ' abort ive at that, hecause of our lack.. of informa,- 
tion on the structure of gusts, 

Now (14) becomes tlirough (15) 

s s . * 

U(si) +.^'7% (s, - s) U(s),ds:=^ l^/f,\.r\ (s) ds (15b) 

b Sir&o 

.-Which yields the maximum Uq given in'Figure 32 as func- 
tions of the path Sq = l/7 I arid of the", mass ratio |jl 

The values of Uq ^ 0.8 occur within the techriicai 
^range -5 ' ■ • " • - ■ ■ .■■ . 

The 'formula: w.= w^. • (:1 ;e""®^^o) . (16) 

embraces very rapid as well as very slow increases in 
gust velocity from 0 to w^ in a function which for 
s = 0 and oo subtends the> -curve s . of formula (15). (See 
fig. 31,) Writing (IS) ' into (14) ,* "we obtain: 

1 1 • • 

U(s,) + ,7 / Tl(si-s) U(s) ds - ~- / Tio(si^s)e ds 

^ 0 ^0 0 (17) 

• ' This integral equation yields as. solution a similar 
behavior of the maximum Uq values as with (15) (fig. 
':33); but they are lower thavn in the first formula beca^use 
of the steady decrease of gradient 7 for equal values 
of Sq (fig. 32), . 

loT very small gradient s 7., that is, for very slow 
• rise in gust, 'the maximxi-m stress is attained only after 
a flight path s^ > 10, Even then the integrals of (14) 
can still be divided without appreciable error into 

Setting U(s) = X. e^ ^ the left side as linear diffe'ren- 
tir.l equation, yields the root 
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■ . X = ^ . 

Figure 34. illustrates .the ap.pr oximate course of the 
averages Tijn / and tiq^ for linear * increase in vertical 
velocity w(s) and for stress. U(s). At s > 10 both 
averages, are already >-Q#.8. Writing, these- values as. well 
as (16) into (l.7a) and further considering tha,t TJ = 0 
for s = 0 also, we find 

* . . , .: .^..^ - Ba s ^ 

\x So 

. . 7. M. .... 

The maximum stress is reiaclieGL after , covering distance... 

• m !^s-5o..-. ■ . 

■ - ' Si - So 



Dffi—^fi. - 1 . . * 

• ...*■ * . : ^^ [' . : - . 

The result is the figures in Tahle III, f6r the max- 
imum stress Uo, which is materially affected hy the gra- 
dieiit 7 of . the gust velocity ot, in other words, hy the 
distance . Sq of the gust increase. '."iTh^ref ore; it is just- 
as important to gain more accurate information on the gust 
gradient .as it. is on the gust velocity itself. For the 
deflection curves recorded during, the flight - it sun gusts 
(Berlin t 0 ' Priedrichshaf en) the maximum stress was usually 
reached only 1-2 seconds after entry; that is, after a 
distance s^ =.15 to 30. wing chords. ..(See figs. 6 to 12.) 
This fact leads us to conclude of very small gi^adients 
y < 0.03 (m"^). Still, the obtained maximum of the vorti- 
cal veloci.ty can be considetable . 
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Table III. .Ef.fect of Sradient 





0.5 


" 1 


2 


3 


5 




1.39 ' 
0.501 


. ..1 
.0.368 


• '0.6^ 
0.250 


.0,55 . 
0.1.93 


0.40 

. .0.1.34 




So.. 




10 ; '; 


' 20 


30 . 


50 






6,9 


10 


13.9 


16.5 


20.1 




Uo 


0V376 


0.294 


0.207 


0.165 


0.119 



Consequently, it would "be eiToneous to conclude on 
the stress in the wing from tha. height of the vertical ve- 
locity alone. .According to (1.5) airplanes- h-aving' large . ; 
wing chord I a,re subject to higher stresses. The in- 
crease in gust intensity is quicker in relation to the 
chord. On the other hand, it will "bo remembered that the 
assuraption of plane flow, which forms- the basis of this 
investigation, is more rarely fulfilled in large than in 
sme.ll airplanes, because the gust velocity is likewise 
variable- in direction of the span. (See fig, 2.) It is, 
indeed, very seldom that all parts of . the surface on 
large wings will be simultaneously sxxbjected to high ■ 
stresses by gusts. If a gust strike s, say , only one half 
of the wing, the mass reduced to the center of attack 
amoxints to only aboixt 0,2 of the -total mass, (See figs, 
32 and. 33),^ But. in, order to be certain, the most abnormal 
case, namely plane flow, must be inve st igated . 

.SPATIAL PH03LEM', .EFFECT OF -ELASTICITY 0F*?III5: 

How, we determine the effect of the elasticity . of 
airplan^ wings on the stress diie to gusts, Assunedly , • the 
mass of the airplane is no longer evenly ' di st ributed over 
the span but largely centered in the middle, i.e*, in the 
fuselage. ' Each wing element is to have plane flow and the 
lift is to bo proportional to the wing chord, a stipiila,- 
tion which corresponds very much to this tapered wings in 
Figure 35, when overlooking the extreme tips. 

The wing, is to advance vertically on to a gust stra- 
tum, so that both halves of the wings experience the sa.me 
stresses. Again ignoring changes in inclination of the 
longitudinal axis of the airplane, we then obtain accord-* 
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ing to (13) the following system of integro-dif f erential 
equations' for the loads and moments impressed on the wing: 

/.m« 1-1- d 2 •+ k./ I f -n (s, - s)^ d-t d z = 

= k / I / tIq (Sj^ - s) d w d .z (20a) 
• . 0 o 

..•//mt £y d + k / /I / r\ (s, - s) |!f d t d z^' =" 

z 

= ^ If ^ f rio (si s) d w d z2 (20b) 

• ; 0 0- ■ • • . . . . ; 

Herein 



: Per short time intervals (20) can "be integrated as 
linear , system, "by inserting the mean value 

: - • • (21) 

The formula . : 

yi = e^^' (fi(2) + i^'i);* ^i(o) = 0 

yields oo fold solutions, of which, however, only three 
concern us here. The first is an aperiodic motion of the 
airplane as a whole, ' where 'fx (z) .is small with respect 
to hi , and corresponds to the previously described mo- 
tion of the rigid wing. The second and third solutions 
yield the fundamental' harmonic of the airplane damped by 
the ^.i^ loads. The other higher harmonics of the wing are 
agitated by gusts with only negligibly sma.ll amplitude, so 
that knowledge of them is not . e ssent ial . 

Since this method of solution already involves con- 
siderable figuring, it is desirable to arriy.e at an ap- 
pr.oximat^Q. solution, by a short cut, particularly' since the 
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sources of error containo.d in the above assumptions to- 
geth.or-: vvith; pur scant knowledge on gust structure me^ke any 
gre.5it accuracy in calculation appear vaiueles's, • *. . • 

The deflection curves of airplane wings were recorded 
"by optigi-aph on the following types of airplanes:. Do X, 
G 24, F 13, and the M 24," The form of these curves in one 
airplane type was almost independent of .the absolute sise 
of the deflections in gusts and shows practically no dif- 
ference from the static deflection curve because fineness 
in load distribution is blotted out by the fourfold inte- 
gration which leads t.o the deflection curve. (See figs. 
5 and 22.) ' . ' * • . 

The real static- deflection curve P(z) of an airplane 
can be measured in flight b;^ o'ptf graph, or else satisfac- 
torily reproduced in the hangar by load tests* The funda- 
mental harmonic Vq of the wing flutter in flight or 
static test can be detennined in the same way«* 

The next thought is to use these two experimental 
data, for computing the giist stress by making the form 
change of the wing proportional to the static deflection 
curve and then follow it up by a definition of the total 
vertical displacement y of- one wing element so as to 
yield the fundamental harmonic of the wing with a frequen- 
cy at v = 0. 

With f (z) = as the .static deflection curve by 

acceleration 1, this condition' is complied with by 

y = yo ^ yo ^ ^) ' ' (22) 

when the neutral point displacement is 

"^0 / m d z 

Thus, "the ideal displacement y^ is the criterion 
of the dynamic stress in the wing, . ...A static normal, load 
of . < 

K = y^ / m d z 
0 

wov.ld, be equivalent to it. 

*Luf tf ahr.tf orschung:,. Yol. IV, .ITo. 2,. and 1929 Yearbook of 
the D,V.L., p» 513 t 
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If we form (according to (I3a)) the ratio U(s) of 
the actual to th« computed • stross-.undei' assvuaod steady flow 
and linear motion, then • • ••. "» 

2 y'o 0^''^' 1 2 yo 0 



U(s) = 



P V Ca' h 7 V Wq Ca' F 

/Idz 



The load factor is ° 

n = l+>. 

e 

Comljined with formula (22) equation (20a) becomes 

•b h ti 

+ ~3 y'o •/ dz + k f I f r\ (si - s) y^, dt dz + 

b- tj^- 
+ k / I. (f(z) + h) / -n (si - s) yj.dt dz = 

0 0 

= k / I / Tio (si ^ s) w dt'dz (23) 

0 0- 

forming average values conf ormatly to (l7a) and 
(21) for a ^hort time interval, the solution of (33) can 
be still more simplified. Let 

^0.(1) = ^ /No c^ - .^)" 

b 

ao = k / I Tio (1) dz 

0 

b 

ai. = k / I 'nm(l) dz 

0 

^ • P c « 



a^ = / (^m + -..^ ) dz 
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•• a3>.k/ t (f (2) + ill- -nniCl) dz 
0 



a = 2a- 



Then (23) changes to 

•••• , • • • , • • , • 

^4 yo ^3 ^2 yo ^1 ^• 

The formula = e^* yields the typical equation 

\^ + ag + as X^' + a^ X = 6 
with thp threeVroots which are not zero • 

^0 "^0 - 

For gust increase the formula 

w = Wq* (1 - e""^*) ; r = 7v 



(24) 



is again used, which yields the special solution, 



^0^0. + 



-rt 



a^r^ - aar^ + agr - a^ 



.rt 



ai 



N(r) 



Now the complete solution of (24) reads as 

[ (XgAg - V Ag) cos u t + 



+ (u Ag + X A3) sin vt] + + -^-^ 



= Ai e^i* + e^o* [Ascosv t + Aasinv tl - !^X- e"^* 

H(r), 

■y' = XiAie'"^!^ + e^o* [(^0^3 + " A3) cos vt + 



(25) 



(XtjAg - u Ag) sin u t] + 
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■ "lA time itttervai t = 0,-. y = y = 0, . . that -i s , for 
all z values which*, according to (22)-, is plainly possi- 
6 only when 

• ' ' •• ••• ' 

^0 = ^0 = ^0 i . : 

Thus (25) reveals the following determinating equa- 
tions for the integration constants 

•'^i .+ -^3 : • ' V A3' + ^0^0 ^ T pap ^ 

"/ ^: + Xo^ + ^1 



X, A, +.X0A3 > A3 • ; + = 0 

and therefrom the constants 



N(r) 



^ ._ - .a. 0 -Q ^1 ^ 



H(r) 

« A3 = - X. A, - A, - ■ ■ 

In this manner we cal-culated as examples the types. 
G 24, J 49, I 1.3, and M 24, and specifically for differ- 
ent gradients 7 of gust increase. (See figs. 35-39.) 
For comparison, we also, calculated the accel era,t i ons for 
the same airplanes with assumedly rigid wings- (a^ = 
= 0).- Table IV and Figures • 40-43 illustrate the results, 
which in view of the previously mentioned forming of aver- 
ages are of comparative value only. Accurate solutions 
of (20) for different gust forms are reserved for a future 
report-, 

' Whereas in the rigid wing the effect of the gradient 
on the stress is no longer great, once It exceeds acer-. 
tain value (7 I > 0.4) (compare, fig. 33) the elastic , 
wing evinces precisely in the technically important range 
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of >■ 7 > 0,1 (l/in*) a marked .dependence- of .the 'gra- 

dient- on the stres.s. iBec'ause'Jxyf'. :.t'he ra.pidly i.ncr.e a sing- 
air loads the wing flies "beyond its semi static* eqiiili'brium 
position and as result there.of increas.es the total stress 
considerably. In fact, it can Increase to as much as 10 
to 70 per cent in the above-mentioned range of 7 as com- 
pared to the rigid wing. As already, pcinted out,- .gust 
gradients of the order .of tho.se in .Figures 40-4'3 are .not . 
looked for except in bad weather. 5'igurG 20, for example, 
shows the damped-out wi ng- f lut t er of the type calculated. 
But in the other wings the measured deflection changes oc- 
curred so slowly that vibrations wore no longer percepti- 
ble, (Sec figs. 6 to 12 and 18.) Therefrom wo may con-, 
elude of a small gust gradient 7 < 0.03 and an inferior 
effect of the wing elasticity on the stress. 

It is specially unfavorable when .the vibration cycle 
coincides with the time it takes for a rigid wing toat- 
tain its maximum stress. In Figure 44 the overstress of 
the clastic wing with respect to the inelastic wing. is . 
plotted against gust gradient 7. Aside from the limit- 
ing value 7 = 00, the overstress ..^ of the elastic wing 
within the 'practical ambit" of 7 is 'so much ^less as its 
natural frequency is higher, i . e. the stiff er 'it i s. 

In gusts of several seconds' du.ration the stress in 
the el a sti c wi ng; is „al w ay ^ higher than in the , inelastic 
wing, even if inferior accelerations are noticeable in 
the fuselage. According to (22) the acceleration in the 
fuselage is 

• ' y = yo ^ yo- 

Since the ideal accelera,tion y^ is the criterion 
of the stress, this differential equation should' fir st be 
solved according to Yq-, providing the fuselage acceler- 
ation y as time function is known. Inasmuch as this, 
aside from the uncertainty regarding factor- h, would be 
very tedious, the acceleration measured in the fusola.ge 
for computing the wih^ stress is unsuitable as soon- as it 
becomes a matter of short-time processes. 

Physiologically it is explainable that continuous ac- 
celerations y in the fuselage are disagreeable to the 
passengers, a condition which a'pplies more to the ca,nti- 
lever monoplane than to other types. But to conclude 
herefrom' oh the magnitude of the actual wing stresses 
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would* "be misleading. To illustrate: Although small bumps 
are even felt in a car well supported by sptings, it does 
not imply that the stress in the springs hereby could* not 
be considerable . 

Seyond direct ^ttess measurement on the individual 
parts, which quite often is difficult on account of thin 
walls and uncontrollable distribution of stress over the 
cross section, the most elementary criterion of the. ac- 
tual stress in airplane wings ir* the deflection curve by 
optigraph^ In view of the perplexing multiplicity of at--, 
mospheric flows any precise prediction is fallible, so 
that for years to come we invariably will have to rely up- 
on the measurement of the stresses in flight and their 
static interpretation. 
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Ta^ole IV. Approximate Calculation of G-ust Stress 
of Pour ^Airplanes with Respect to I7ing 
Elasticity. Vertical Veloci ty in 
00 Wq = 1 m/s 



Type 


6 

; kg 


P 
m2 


2 b 

m . 


V 

m/ s 


P 

kg 38 /ill* 






•l/s. 


G 24 
J 49 
P 13 
M 24 


5000 
4000 
1790 
2430 


■ 89 
91 

• 43 
43 


28.5 
28.2 
17.6 
20.6 


56.1 
44.5 
3S.1 . 
37.5 


.1075 
.1053 
.1150 
.1150 


4.31 
4.53 
4.30 
4.82 


15.7 
18.0 
27,8 

3 7.5 


15.9 
17.7 
27.7 

37.2 




a. 




% 


a 

1 




^1 . 


Xo A''= - -1- 
a 


G 24 
J 49 
P 13 
M 24 


1,095 

0.623 
0.128 
0,090 


3.83 
3.35 
0.50 
0,47 


305.8 
202.0 
98.8 
126.0 


357,5 
295.4 
135.0 
156.6 


357.5 
295.4 
127.4 
149.8 


-1.18 
-1,49 
-1.37 
-1.25 


-1.16 
-1.94 
-1.28 
-2.02 


-1.17 
-1.46 
-1.37 
-1.24 


Type 


r=7v 




As. 


A3 


aor:H(r) 




r ^ 


G 24 
J 49 
P 13 
M 24 


00 
CD 
00 
OO 


1.186 
1,508 
1.376 
1.250 


-1 .IBS 

-1.508 
-1.376 
-1.250 


0.001 
-0.038 

0.005 
-0.026 


0 
0 

0 
0 


1.1S9 
1.462 
1.366 
1.243 


1.64 
1.51 
1.70 
1.73 


G 24 
J 49 
F 13 
M 24 


11.22 
8.90 
7.22 
7.50 


M.329 
1.814 
1.602 
1.435 


-0.360 
-0.244 
-0.070 
-0.029 


-0.612 
-0.653 
-0.323 
-0.237 


0.959 
1.570 
1.532 • 
1.405 


1.305 
1.750 
1.590 
1.425 


1.68 
1.47 
1,23 
1,16 


G 24 
J 49 
P 13 
M 24 


5.51 
4.45 
3.61 
3.75 


1.504 
2.268 
2.094 
1.792 


-0,102 
-0.044 
-0.014 
-0.003 


-0.390 
-0,373 
-0.168 
-0.120 


1.402 
2.224 
2.080 
1.789 


1.477 
2.178 
2.075 
1.778 


1,40 
1.26 
1.14 
1.08 


G 24 
J 49 
P 13 

M 24 


2.81 
2.23 
1.80 
1.88 


2.046 
4.550 
5.416 
3.573 


-0.020 
0 

0.001 
0.002 


-0.208 
-0.190 
-0.085 
-O.OGO 


2.026 
4.550 
5.417 
3.575 


2.002 
4.248 
5.307 
3,525 


1.13 
1.10 
1.06 
1.03 
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-^ECAPITULATIOIT 



a) To obtain the'maximum stress of an airplane in 
gusts,. it practically suffices to compute * it s acceleration 
in vertical gusts. The achieved numerical- value then can 
even "be. put approximately equivalent to the maximum- stress 
in an otiique gust, when the computed, flo.w attitude in -the 
vertical gust is no longer realized "because of "separation, 

h) Our knowledge on gust " in t en si ty and on:gust struc- 
ture in particular,' is sadly lacking, although this phase 
of research has received considerable attention of late 
from various sources. Limiting values - aboxit 15 m/s — 
of gust velocities are sufficiently known, but we lack.- 
corresponding information on gust gradients, which is just 
as. important for stress calculations as the gust velocity 
itself 

c) Accurate prediction of gust stress being out of 
the question because of the multiplicity of the free air 
movements, the exploration of gust stress is restricted 
to static method which must be based upon 

1. Stress measurements in free flight;. 

2. Check of design specifications of. approved 

type airplanes. . . 

With these empirical data the stress must be conipared 
which can be computed for- a gust of known intensity and 
structure. This "maximum gust" then must be so defined 
as to cover 'the whole ambit of empiricism and thus serve 
as* predj. ction for new airplane designs. 

d) Taking into accotmt all secondary ' effect s, partic- 
ularly of gust direction and v/ing elasticity, t=he load 
factor of airplanes in* gusts is . 

, = 1 ±Ll_S|.'_lc: , . (36) 

The stress coefficient C is a function of the "maximum 
•gust" and of all. structural d^ata of the airplane. 

The division of C into two factors w and T), of 
which one is to be s_ole_ly_ a function of the free a,ir move- 
ment and the other only a function of the structural data 
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as proposed in the DLA 1 a^itf lot. ' Ho • 1, for the D.V.L, spec- 
ifications is, however, as thi s consideration shows, no 
longer; feasiblot 

As long as no mathematical inf orraation of the order 
indicated in section on. Equq.t ions of notion and. Stress on 
•Airplanes 'in Vertical Gust s,^ •Plo.ne Broblem, was available 
regarding the dependence of coefficient C on the named 
variables, only a minlnmm Ci value could be • obtained 
from the strength of the present airplanes. 

According to. the- hitherto very elementary' control of 
the specifications by stiff load factors, this- minimum 

value together with (2S) can bo considered a step 
forward, for at least it gave the correct, effeci; of -the'- 
■flight apced Q,nd, loading mechanically similar to tho.lQad 
factor 

For that reason the author suggested, anont leaflet 
NOt 1, a proposal to which the. safe load factor (■ 

• . n = 1 + ilii^IsZ 

corresponded. 

Since it may be assumed that the pertinent. air densi- 
ty P ' as well as the lift change ' c^y is approximately 
equal for all commercial airplanes, it was accordingly 

' — h - 1,33; Ci - 5 ra/s-. 

The product 0.5 p- Cg^' C for a number of approved' type • 
German commercial airplanes is given in Figure 45, The 
factor Ci lies, as seen, on the lower edge of the clus- 
ter -therefore. ,1 s a minimum reqtiir o.ment . 

e) Under the presumption that the gust velocity by 
high gradient never exceeds Wq = 15 m/s'^ 0,4 v in our 
latitudes; it was po'ssible to indicc^to - considering 
wing elasticity and gust direction - an upper limit of the 
possible load factor 
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for regular weatherproof airplanes, against whose trans- ^ 
gression a definite factor of safety must "be provided by 
special agreement. But instead of the .safety factors, 
considerations on prooahility of rupture as advanced oy 
Skutsch* could also he used. 

It is worthy, of note that equation (2.7) for horizon- 
tal maximum speed vj^ of all sport, training and acro- 
batic types of airplanes as well as of 70 per cent of the 
German commercial types, is complied with, with varying 
high safety,** and at cruising speed v^ = 0*85 Vj^, as 
much as 90 per cent of the commercial types. (See fig. 
45.) Possibly the consideration for (27) already gives 
a competent explanation for the ultimate load factor s . of 
airplane wings hitherto* arrived at by experience". 

At any rate, the maximum stresses in flight, even if 
occurring rarely, are materially higher than half the ul- 
time.t e load. The reason these f act s do not mpre often 
lep.d.to accidents is that "light construction" components, 
\7ings also, can, if suitably designed, be loaded several 
times up to close to their breaking limit, without showing 
any perceptible damage.*** 

Very instructive are two failures of the lateral con- 
trol sj/stem which occurred on one and the same airplane 
type; approved for commercial use for over a year it em- 
bodied several aerodynamic improvements over a two-year- 
old type. The ultimate load of rudder and fin- for the new 
type was about 110 kg/m^ and about 140 }zg/m^ for the old - 
one. Both accidents were presumably caused by gust* im- 
pacts of about 13 m/s normal to the control surface. Ho 
objections were raised in the old type, although it prob- 
a,bly experienced similar stresses in flight. 

The flow phenomena in the atmosphere thus prove the 
deciding factor for the stress in any airplane not de- 



*Der Bauingenieur , 1'926, p. 915, 
**In tlxe range below it thre.e accidents through wing fail 
ure occurred within the last year, two on the sa,rae type 
(marked by a cross in Figure 46) . Both airplane types 
represented new constructions of apprpved older types, 
.greater engine performance, and various aerodynaraic im- 
provements, particularly, ba,lanced elevator, 
***Development of Airplane Design. Specif icat ions, to be 
published later. 
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signed for exhibition purposes, and deserve closer atten- 
tion in the future.. - v 

To increase the reliability . of airpl.ane s- vrhi ch have 
not sufficient gust resi stance , accordin^^ to the present 
stage of knowledge, it is neces.sary to limit the speed of 
such airplanes by a warning sign on the instrument board, 
such as is customary in all public vehicles of transporta- 
tion, . 

f) The dynamic stress on tail surfaces in gusts can 
be computed in, the same way as for the airplane, wings by 
substi tilting the mass m^ = (m ). / {a,^ + i^) reduced to 
the neutral point of the control surface for the total 
mass of- the airplane; a here denotes the distance of the 
neutral po.int from the center of gravity and i the radi- 
us of inertia. The C.I.K.A, (International Commission 
for Aerial Navigation) proposes for the dynamical surface 
loading of the vertical tail group the formula p^ = 3,5 • 
Vi^ (kg/m^) , that is, exactly as above, a stresjs "linearly 
dependent on the flight speed... . 

g) If the gust stresses of an airplane flying level, 
at cruising speed are already of noticeable magnitude, 
they increase to wing failure when the airplane, through 
some cause Oerror in piloting, nonvi sibili ty in clouds, 
etc*) , gets. into a vertical glide- and the- air speed in- 
creases. It is then that 

li Comparatively slight gust impacts can induce 
wing failure. 

2,, Pull-up accelerations familiar to the pilot 
and harmless. in calm air, can multiply to 
breaking stresses in -a slight gust. 

It should be impressed upon the pilot to avoid all 
speed increases and pull-up mpaietivers in gusty weather. 
Experienced pilots do not attempt to fight against f^usts 
by elevator or aileron, but allow the. airplane to swing 
back of its own accord into it's normal flight attitude 
through its natural stability, and merely apply the rud- 
der to keep the course. 

Translation by J, Vanie.r, 
National Advisory Committee 
for Aeronautics. 
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Figs. 1.3, 4,5 



Fig.l Sust record taken with Kite instniment. 
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Fig. 3 Deflection y of startoard wing.(M-24) 9.45 m (31.0 ft.) from 

the fuselage center during a cross-country flight. ^Teight at 
take-off 2.44 t (5379.2 lb.), at landing 2.17 t (4784 Ih. ), speed 
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a, Wing fitting to fuselage. 
Fig. 4 Deflection curve in free Fig. 5 Deflection curves of M-24 

flight of M-24 T'ing. (1.57 in.) wings in gusts extrapolated 

Scale of ordina.tes: 1 unit ~ 40 nun for same starboard tip deflection, 
deflection. (From flight Fig. 3) (From flight Fig. 3 Gross weight = 

2.31 t (5092.7 Ih.) 
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figoS Gust structuTQSo Each pictus*© represents a field 10 x 10 m (32«3 x 
32.8 fto) explored at 25 test stationso Each set of three pictures 
follows at 1 seco intervalo The hatchings denote wind velocities, and are 
explained on the margino 
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Pig.lS Installation of 

optograph in 
fuselage of M 24 for 
measuring wing deflection. 
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Flgo23 Optograph mounted 
"below fuselage of 
Junkers P 13 for recording 
wing stresses in free flight « 
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Figs. 6,7, 
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Pigs, 6,7, 8 Deflection y of M-24 -starboard wing (9. 45 m (31 ft.) from 

fusela^^e center) in gusts. (From flight Fig. 3, gross weight-' 
2.3 t (5070.6 llD.) 
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Fig. 9, 10, 11 Deflection y of M-24 starboard wing (5.45 m (31 ft.) from 

fuselage center) in gusts. (From flight Fig. 3, gross weight-^ 
2.3 t (5670.6 lb.) 
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Pigs. 12a, 12b, 12c Deflection y of M-24 star"board wing(9.45 m (31 ft.) 

from fuselage center) in gasts. (Prom flight Pig. 3, 
gross weight 2.3 t (5070.6 lb.). 
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Fig* 14 Gusts over 

Thuringer 
forest. V « 135 km/h 
(83.9 mi./hr.) .Oross 
weight = 2.34 t 
(5158.8 lb.) 



Fig.l5 Gusts 
over 

flat terrain. 
V = 140 ]sm/h 
(86.99 mi./hr.) 
Gross wei^t 
^ 2. 3C t 
(5070.6 1-b.) 




Pig. 16 Raohe 

Alb, 
crossing a 
sharply indent- 
ed valley. 
V « 135 ka/li 
(83.9 mi./hr.) 
Gross weight 
= 2.35 t 
(4960.4 lb.) 



Pigs. 14, 15,16 Optograms of M 24 port wing. The black lines are traces of 

lamps distributed over tlie wing. Time and Morse marks at 
lower ed^^e, interval of time marks 0.6 sec, each minute a long dash. 

Pig.24 Sun 

gasts 
over lakes 
near Potsdam 
at 300 m al- 
titude. (984 ft.) 
V = 135 km/h 
(83.9 mi./hr.) 
Gross weight = 1.3 t 
(3968.3 lb.) 





Pig. 25 Gusts just preceding 

landing. v=135 km/h 
(83.9 mi./hr.) Gross weight 
« 1.8 t (3968.3 lb.) 



Pigs. 24, 25 Optograms of P 13 starboard wing. The dashes are lanip traces, 
time and Morse msu^ks at lower margin. 
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Figs. 17, 18 
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Pig. 17 Deflection y of F 13 starboard wing(8.85 m (29.04 ft.) 

from fuselage center) during fliglat. Gross weight = 1.8 t 
(3968.3 lb.) V = 130 km/h (80.8 mi./hr.) 
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Pig. 18 Deflection y of P 13 starboard wing in gasts. 8.85 m 

(29»04 ft.) from center of fuselage. Gross weight =1.8 t 
(3968.3 Ih.) V = 130 km/h (80.8 mi./hr.). 
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Figs. 19, 20 
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Fig. 20 

Figs. 19, 20 Deflection y of F 13 starboard wing in gusts, 8.85 m 

(29.04 ft.) from center tf fuselage. Gross weight^LS t 
(3968.3 ITd.) V = 130 lan/h (80.8 mi./hr.). 
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Pigs. 21, S2 



c, Plane of ground - glass plate 

d, Fuselage junction 
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?ig.21 Deflection curves recorded in free flight on ]? 13 wing, 

(Ordinate scale: 1 unit = 50 mm (1.S7 in.) deflection. 
Gross weight = 1.8 t (3968.3 It.) v = 130 lan/h (SO. 8 mi./hr.). 



c, Plane of gro\md 
-glass plate. 

d, Fuselage 
junction 




Fig. 22 Deflection curves of Fig. 21 extrapolated for same curvature 
by 25 = a . 
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Figs. 26, 27 
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Fig. 26 Deflection y of starTjoard wing tips of G 24. Gross weight= 
4.7 t (10361.7 1-b.) V = 125 km/h (77.7 mi./hr.). 
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Fig. 27 Deflection y of G 24 starboard wing in a gust. 
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Pigs. 28,29,30,31 
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Fig, 28 Unsteadily moved wing. 
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Fig. 31 Gust velocity w against 
flight path. 
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Figs. 29,30 Load factor n^ for case A for airplanes in gusts for dif- 
ferent angles of gust 9 plotted against flight path, 
a = angle of attack, % = ratio of gust to flight velocity; separation 
occurs at sine a = 0.3 
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Pigs. 32,33,34 
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Fig. 32 By linear rise in velocity. 



Pigs. 32,33 Ratio 
of 

stress Uq in ver- 
tical gu.st to mass 
M., plotted against 
gast gradient Y. 
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Fig. 33 By asyniptotic rise of velocity, 
1.0^ 




Pig. 34 Lift factors 
T| andT)o and 
their .averages over 
flight path s ( in 
units of chord) 
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Fig. 38 Statical deflection curve 

of F 13 in flight. 
(1.79 t) or 3946 lb). 



4 6 

Fig. 38 Statical deflection curve 

of M 24 in flight. 
(2.43 t) or (5357 lb.) 
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Figs. 40,41 Time rate of stresses of elastic (full line) and rigid(dash line) wings in ver- 
tical gasts with asymptotic rise of velocity, plotted against gast gradient Y. 
vertical Velocity with oo Wq = 1 m/ s (3.28 ft./sec.) 
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i'is:. 43 Messerschmitt M 24 
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Fig. 42 Juiikers F 13 

Figs. 42,43 Time rate of stresses of elastic (full line) and rigid (dsisli line) wings in ver 

tical gasts with asynrptotic rise of velocity, plotted against gast gradient Y, 
vertical velocity withco = i m/g ( 3^28 ft. /sec.) 



N,A.C*A. Technical Memorandum No. 654 




0.5'^ ^-05 1.0^^0.27 1.5 
Arc tan. 10 y ^ 

Fig, 44 Ratio •f gust stresses in the elastic to the rigid wing 
of the four airplanes plotted against gust gradient V, 



a> 3 

CD 

CO o 

o ^ 

'&.r 1 





o 

!° « 


1 1 


o 




(To 















Wing loading jT 
Pig. 45 Gust resistance of German airplane. 
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Fig. 46 Dynamic pressure at failure q^^ of 
German airplanes. 

Vj^ - maxim level flight. 
v-^ = cruising speed. 



